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Hierarchical  porous  carbon  microparticles  (HPCMs)  are  produced  by  milling  and  sieving  porous  mono¬ 
lithic  carbon,  which  was  obtained  by  carbonization  of  a  resorcinol-formaldehyde  gel  in  the  presence 
of  surfactant  as  a  pore  stabilizer.  The  obtained  HPCMs  has  a  surface  area  of  536  m2  g-1  and  maximum 
specific  capacitance  and  areal  capacitance,  measured  at  slow  scan  rates,  of  194Fg~1  and  152mFcnrr2 
respectively.  Moreover,  the  carbon  surface  remains  accessible  at  100  mV  s-1  with  large  values  of  specific 
capacitance  ( 1 54  F  g_1 )  and  areal  capacitance  ( 1 2 1  mF  cm-2 ),  making  the  material  suitable  for  fast  super¬ 
capacitors.  The  HPCMs  are  then  built  into  electrostatic  self-assembled  (ESA)  adsorbed  layers  by  sequential 
immersion  of  a  planar  electrode  in  HPCMs  dispersions  and  a  cationic  polyelectrolyte.  Using  soluble  redox 
molecules,  it  is  possible  to  detect  the  finite  (inside  the  pores)  and  semi-infinite  (outer  surface)  diffusion 
of  redox  species.  The  specific  capacitance  of  the  HPCMs  could  be  increased  up  to  5  times  (to  ca.  900  Fg_1 
in  acid  media)  by  adsorption  of  naphthoquinone  molecules  on  the  carbon  surface.  Using  the  ESA  process, 
it  is  possible  to  build  a  layer  with  three  different  quinones  in  a  single  electrode.  The  specific  capacitance 
of  those  layers  is  more  than  4  times  higher  and  maintained  nearly  constant  in  a  wide  range  of  potential. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Porous  carbon  could  be  used  as  electrode  materials  of  electro¬ 
chemical  supercapacitors  due  to  its  intrinsic  electric  conductivity, 
good  chemical  stability  and  large  surface  area  [1,2].  Different  pro¬ 
cedures  have  been  devised  to  produce  carbon  with  large  surface 
area,  including  activation  of  compact  porous  materials  [3],  fabrica¬ 
tion  of  aerogels  [4],  or  creation  of  porous  carbon  by  use  of  hard  [5], 
or  soft  templates  [6].  The  process  of  charging  and  discharging  of  the 
supercapacitor  requires  the  transport  of  ions  inside  the  pores.  To 
achieve  large  surface  areas  (>500  m2  g-1 )  the  diameter  of  the  pores 
should  be  small  (<50  nm).  If  the  pores  depth  is  large  (>100  pim)  the 
mass  transport  will  make  the  capacitor  response  slow.  To  overcome 
such  constraint,  the  length  of  the  pores  should  be  decreased.  This 
can  be  done  by  fabrication  of  thin  films  supported  on  conducting 
fibers  [7]  or  by  building  the  electrode  using  small  microparticles. 
A  simple  procedure  to  assemble  materials  onto  solid  surfaces  was 
introduced  first  by  Her  [8]  and  rediscovered  by  Decher  et  al.  [9,10]. 
The  Decher’s  method  involves  the  immersion  of  the  surface,  which 
bears  a  permanent  surface  charge  due  to  chemical  groups  present 
at  the  surface,  in  solution  of  polyelectrolytes.  By  alternate  immer¬ 
sion  in  solutions  of  polylelectrolyte,  with  an  intermediate  washing 
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step  to  remove  non  adsorbed  material,  multilayers  of  polymers 
can  be  built.  While  the  electrostatic  charge  compensation  plays  a 
role  on  the  adsorption,  other  factors  are  involved  such  as  removal 
of  mobile  counterions  [11]  and  attraction  by  dispersion  forces 
[12].  The  methods  have  been  used  to  assemble  nanoparticles  [13], 
including  carbon  nanotubes  [14].  In  this  case,  the  main  attraction 
force  that  maintains  the  multilayer  together  involves  dispersion 
forces  between  particles  because  the  surface  charge  density  is  much 
smaller  in  nanoparticles  than  in  macromolecules.  In  that  way,  the 
contribution  of  electrostatic  attraction  or  counterion  removal  to 
the  thermodynamic  spontaneity  of  the  process  becomes  smaller. 
Moreover,  any  stable  colloidal  dispersion  could  be  used  as  source 
of  material  for  the  assembly.  Serizawa  et  al.  [15],  adsorb  monolay¬ 
ers  of  relatively  large  (548  nm)  polystyrene  nanoparticles  onto  a 
charged  multilayer  showing  that  stable  adsorption  can  be  achieved. 
Lyon  et  al.  [16]  adsorb  charged  hydrogel  nanoparticles  by  Decher’s 
method  but  found  that  bidimensional  coverage  is  obtained  instead 
of  multilayers.  In  the  present  work,  Decher’s  method  is  used  to 
self-assemble  porous  carbon  microparticles  onto  conductive  sur¬ 
faces.  Each  microparticle  has  large  specific  capacitance  due  to  the 
large  surface  area  of  the  porous  structure.  At  the  same  time,  using 
small  microparticles  it  is  possible  to  maintain  the  maximum  length 
of  the  pores  small  to  allow  fast  response.  The  electrolyte  access 
the  external  surface  of  the  microparticles  trough  the  interstitial 
space  between  particles.  The  procedure  could  be  used  to  build 
small  supercapacitors  and  to  study  the  amount  of  charge  that  could 
be  stored  in  each  microparticle.  Since  we  observe  that  we  do  not 
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build  multilayers  but  increase  the  coverage  of  the  surface  in  each 
adsorption  step,  we  call  the  procedure  step-by-step. 

2.  Materials  and  methods 

2.1.  Synthesis  of  porous  carbon  microparticles 

Precursor  porous  gel  was  prepared  by  sol-gel  polycondensation 
of  resorcinol  (R)  with  formaldehyde  (F)  in  the  presence  of  surfac¬ 
tant  as  a  pore  stabilizer  [17].  In  this  study,  sodium  carbonate  (C) 
and  cationic  surfactant,  cetyltrimethylammonium  bromide  (CTAB), 
were  used  as  a  basic  catalyst  and  a  pore  former,  respectively.  The 
molar  ratio  of  resorcinol,  formaldehyde  (37wt%,  in  an  aqueous 
solution  stabilized  by  10%  methanol)  and  CTAB  was  1:2:0.06.  The 
molar  ratio  of  sodium  carbonate  to  resorcinol  was  600:1  and  the 
ratio  of  resorcinol  to  water  was  l:2gml-1.  The  mixtures  were 
stirred  and  heated  over  at  303  K  to  promote  the  surfactant  micel- 
lization.  Then  the  sample  was  placed  in  Petri  dish  closed  inside 
a  closed  glass  receptacle  with  water  saturated  atmosphere  and 
formaldehyde  at  temperature  of 343  K  for  24  h  to  obtain  monolithic 
organic  gel.  The  organic  polymeric  gel  was  dried  at  ambient  pres¬ 
sure  and  room  temperature  for  several  days.  The  dry  monolithic  gel 
was  converted  into  monolithic  carbon  by  carbonization  at  1073 1< 
for  1  h  under  an  argon  atmosphere  with  a  heating  rate  of  3 1 3  K  h_1 . 
Finally,  hierarchical  porous  carbon  microparticles  (FIPCMs)  down 
to  25  |jim  size  were  obtained  by  milling  and  sieving  the  monolithic 
carbon. 

2.2.  Preparation  of  electrodes 

The  working  electrodes  were  prepared  by  coating  Nafion- 
carbon  ink  onto  a  vitreous  glassy  carbon  electrode  in  order  to  obtain 
a  film-coated  electrode.  Three  different  of  carbon  inks  for  the  elec¬ 
trochemical  capacitance  studies  were  prepared  as  follows:  (ink-1) 
20  mg  of  FIPCMs  as  active  material  was  mixed  with  0.5  ml  of  deion¬ 
ized  water,  0.5  ml  ethanol  and  0.3  ml  of  Nation  solution  (5wt%, 
DuPont),  (ink-2)  20  mg  of  commercial  graphite  as  conducting  agent 
was  added  to  ink-1,  and  (ink-3)  for  a  comparison,  commercial 
graphite  was  also  used  as  active  material  to  prepare  film-coated 
electrode  under  the  same  condition  of  ink-1.  These  mixtures  were 
ultrasonicated  for  60  min  to  form  a  homogenous  ink.  Finally,  1 2.5  p,l 
of  the  resulting  ink  was  then  deposited  by  drop-coating  on  a  glassy 
carbon  electrode  (1.5  cm2)  and  dried  at  323  K  for  10  min.  The  aver¬ 
age  area  of  the  active  film-coated  electrode  was  0.288  ±  0.028  cm2. 

ITO  glasses  were  used  as  electrodes  for  alternate  electrostatic 
self-assembly  (ESA)  adsorption.  ITO  electrodes  were  cleaned  with 
ethanol,  then  with  deionized  water  and  finally  heated  for  1  h  in  the 
furnace  at  723 1<  in  air. 

2.3.  Physical  characterization  and  electrochemical  tests 

The  nitrogen  sorption  isotherm  curve  was  measured  using 
an  ASAP  2020  (Micrometries)  system.  Porosity  analysis  was  car¬ 
ried  out  at  liquid  nitrogen  temperature,  77  K.  BET  surface  area 
(Sbet)  was  calculated  using  the  Brunauer-Emmett-Teller  (BET)  the¬ 
ory  [18].  Mesopore  size  distribution  (dmeso)  was  determined  by 
Barrett-Joyner-FIalenda  (BJH)  method  [19].  Micropore  size  dis¬ 
tribution  (dmic)  was  calculated  using  nonlinear  density  functional 
theory  (NLDFT)  method  [20],  assuming  slit  pore  shape.  Carbon  mor¬ 
phology  was  observed  using  a  scanning  electron  microscope  (FEI 
Helios  Nanolab  600). 

The  cyclic  voltammetry  (CV)  tests  for  capacitance  studies  were 
carried  out  at  different  scan  rates  in  1  M  H2S04  in  an  aqueous 
media  using  a  conventional  three-electrode  cell.  A  monolithic 
mesoporous  carbon  (geometrical  area  10  times  larger  than  the 
working  electrode  and  a  rugosity  >50.000)  was  used  as  a  counter 


Fig.  1.  Chemical  structures  of  9,10-anthraquinone,  1,4-naphthoquinone  and  1,4- 
benzoquinone. 

electrode.  A  silver/silver  chloride  electrode  (saturated  KC1)  was 
used  as  a  reference  electrode.  CV  was  performed  using  a  PC4 
Potentiostat-Galvanostat-ZRA  (Gamry  Instruments,  Inc.).  In  the 
resulting  cyclic  voltammograms  the  current  was  divided  by  the 
scan  rate  and  the  electrode  mass  to  obtain  specific  capacitance 
versus  voltage  profiles.  Electrochemical  impedance  spectroscopy 
(EIS)  of  the  samples  was  measured  in  1  M  H2SO4  solution  over  the 
frequency  range  from  1  x  104  Hz  to  2.8  x  10-3  Hz  at  0.35  V,  with 
sinusoidal  perturbation  of  1  mV  of  amplitude  and  4  points  per 
decade  change  in  frequency.  A  resting  time  of  15  min  (at  0.35  V) 
was  used  before  each  measure.  The  specific  capacitance  obtained 
by  CV  tests  was  calculated  by  Ccv  =  i/vm,  where  i  is  the  current,  v  is 
the  scan  rate  and  m  is  the  mass  of  HPCMs  deposited  on  the  glassy 
carbon  electrode.  The  specific  capacitance  obtained  by  EIS  from  the 
data  at  the  lowest  frequency  was  evaluated  by  CEis  =  -\\2jrfZl'm, 
where  Z"  is  the  value  of  the  imaginary  part  obtained  from  the  fre¬ 
quency  /  of  disturbance.  Specific  capacitances  of  carbon  samples 
were  converted  to  areal  capacitance  (capacitance  per  geometrical 
area)  considering  the  area  of  film-coated  electrode. 

2.4.  ESA  procedure 

The  ITO  electrodes  were  immersed  (10  min  each)  successively 
in  solutions  of  the  polydialyldimethylammonium  chloride  (PDAD- 
MAC)  (2%  (w/v)  in  deionized  water)  and  HPCMs  (0.5%  (w/v)  in 
phosphate  buffer  0.1  M,  pH  7).  Between  immersions,  the  electrodes 
were  washed  by  immersing  for  5  min  in  deionized  water,  without 
stirring.  This  cycle  process  was  repeated  until  reach  the  desired 
numbers  of  adsorptions.  It  is  know  that  it  is  possible  adsorb  spon¬ 
taneously  PDADMAC  on  the  substrate  surface  to  produce  a  first 
charged  layer  on  ITO  [14].  Therefore,  no  covalent  modification  of 
the  electrode  surface  was  necessary.  PDADMAC  and  HPCMs  were 
used  as  polycation  and  negative  charged  particles,  respectively. 
Adsorption  of  different  quinones  on  a  modified  electrode  with 
PDADMAC  and  HPCMs  was  also  performed.  The  quinones  chosen 
were  1,4-naphthoquinone  (NQ),  9,10-anthraquinone  (AQ)  and  1,4- 
benzoquinone  (BQ).  The  chemical  structures  of  used  quinones  are 
shown  in  Fig.  1.  After  obtaining  2,  4  and  6  adsorption  cycles  of 
PDADMAC  and  HPCMs,  the  electrode  was  immersed  for  30  min  in 
a  quinone  solution.  Then  the  electrode  doped  with  quinones  was 
immersed  in  a  1  M  HCIO4  aqueous  solution  for  80  min,  in  order 
to  remove  the  quinones  not  adsorbed  into  the  pore.  CV  measure¬ 
ments  were  performed  in  1  M  HCIO4  solution.  Redox  molecules  as 
K4Fe(CN)6  was  also  used  as  probe  molecules. 

2.5.  Optical  microscopy 

Optical  micrographs  of  the  self-assembled  surfaces  were 
obtained  by  an  optical  microscope  (Arcano  XZF145),  with  a  Mode 
2000  digital  camera.  The  images  were  analyzed  by  the  Motic  Image 
Plus  2.0  ML  software.  All  operations  were  performed  at  room  tem¬ 
perature. 
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Fig.  2.  (a)  Nitrogen  adsorption-desorption  isotherm  of  carbon  microparticles  sam¬ 
ple.  (b)  NLDFT  and  BJH  (inset)  pore  size  distribution  curves  obtained  from  (a). 


3.  Results  and  discussion 


In  order  to  obtain  the  percentage  of  micro-  meso-  and  maco- 
pores  of  carbon  sample,  we  first  calculated  the  total  pore  volume 
of  HPCM  (Vtot)  by  [23]: 


^tot  PhPCM  /^compact 


(1) 


where  ^compact  is  the  density  of  non-porous  carbon  (compact  car¬ 
bon)  with  a  value  of  2.2 gem-3  [24],  and  Phpcm  is  the  apparent 
density,  measured  from  the  ratio  of  weight  to  geometric  volume,  is 
0.89  ±0.01  gem-3. 

From  the  calculated  value  of  Vtot,  which  is  0.669  cm3  g-1,  and 
taking  a  count  the  VmeSo  and  Vmic  obtained  by  nitrogen  sorption 
isotherm  measurement  (see  Table  1),  is  possible  to  calculate  the 
macropore  volume  (=Vtot  -  ^meso  -  Vmic),  and  to  estimate  the  per¬ 
centage  of  micropores,  mesopores  and  macropores  that  presents 
the  HPCMs,  which  are  25.3%,  43.6%  and  31.1%,  respectively.  The 
presence  of  large  pores  in  HPCMs  sample  indicates  that  a  pore 
former  effect  by  the  surfactant  is  operative. 


3.1.  Textural  properties  and  surface  morphology 

Fig.  2  presents  the  nitrogen  adsorption-desorption  isotherm 
of  HPCMs  and  pore  size  distribution  derived  from  the  desorption 
branch  of  the  isotherm.  The  parameters  of  surface  area  and  poros¬ 
ity  are  summarized  in  Table  1.  The  adsorption  belongs  to  a  type-IV 
isotherm,  indicating  the  presence  of  mesoporous  in  the  carbon 
material.  The  measured  BET  surface  area  is  536  m2  g_1.  The  NLDFT 
pore  size  distribution  plots  (Fig.  2b)  presents  a  dmic  of  1.35  nm  of 
diameter,  whereas  the  BJH  dmeso  distribution  plots  (inset  in  Fig.  2b) 
determined  from  desorption  branch  of  the  isotherm  presents  a 
maximum  at  15  nm  of  diameter.  Both  pores  size  are  a  decisive  fac¬ 
tor  influencing  the  capacitance  [21  ]  and  rapid  access  of  electrolyte 
to  the  electrode  material,  that  is,  HPCMs. 

Surface  morphology  of  HPCMs  was  examined  by  SEM.  Fig.  3 
shows  the  SEM  images  on  the  external  surface  of  the  HPCMs 
obtained  using  CTAB  as  a  pore  stabilizer.  The  SEM  image  (Fig.  3) 
shows  a  porous  structure  with  pores  uniformly  distributed.  Also 
it  is  possible  to  observe  that  the  size  of  external  pores  is  larger 
than  mesopore  size  distribution  obtained  by  BJH  method  (inset  in 
Fig.  2b).  This  means  that  HPCMs  has  three  different  classes  of  pores 
(micro-  meso-  and  macroporous)  [22]  making  it  this  kind  of  carbon 
material,  a  hierarchical  porous  carbon. 


3.2.  Capacitance  performance  of  HPCMs 

CV  and  EIS  measurements  were  carried  out  in  order  to  exam¬ 
ine  the  electrochemical  properties  of  commercial  graphite,  HPCMs 
and  HPCMs  with  graphite  and  shown  in  Fig.  4.  The  comparative 
CV  plots  of  HPCMs  and  HPCMs  with  graphite  at  various  scan  rates 
are  shown  in  Fig.  4a.  The  typical  rectangular  shape  of  the  cyclic 
voltammogram  curve  shows  that  the  carbon  sample  is  capacitive 
and  highly  reversible,  as  expected  for  an  ideal  electrochemical 
double  layer  capacitor  (EDLC).  However,  the  specific  capacitance 
of  HPCMs  with  graphite  is  higher  than  that  of  HPCMs  without 
graphite.  Due  to  that  the  voltammogram  at  a  scan  rate  of  1 00  mV  s_1 
reveals  a  specific  capacitance  of  ca.  8  F  g_1 , 1 00  F g_1  and  1 55  F g_1 
at  0.35  V,  for  graphite,  HPCMs  and  HPCMs  with  graphite  samples, 
respectively,  the  extra  capacitance  of  HPCMs  with  graphite  comes 
from  the  fact  that  the  graphite  connects  electrically  better  the 
particles  of  HPCM.  These  results  means  that  the  well-connected 
network  pores  of  the  hierarchical  porous  carbon  plays  an  impor¬ 
tant  role  in  promoting  fast  electrolyte  adsorption/desorption  from 
the  bulk  solution  toward  the  inside  of  the  porous  carbon  and 
the  addition  of  carbon  graphite  could  significantly  improve  the 
electron  transport  of  film-coated  electrode.  The  fast  kinetics  of 
electrolyte  adsorption/desorption  can  be  confirmed  by  the  results 
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Table  1 

Surface  texture  properties  of  HPCMs. 


Sample 

Sbet  (m2  g”1) 

Smic  (m2  g-1  ) 

Vmeso  (Cm3  g-1  ) 

VW  (cm3  g-1 ) 

dmiC  (nm) 

dmeso  (nm) 

HPCMs 

536 

473 

0.292 

0.169 

1.35 

15 

Sbet,  BET  surface  area;  Smic,  micropore  surface  area;  VmeSo,  mesopore  volume;  Vmic,  micropore  volume,  dmic,  micropore  size  distribution;  dmeSo,  mesopore  size  distribution. 
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Fig.  4.  Electrochemical  properties  of  HPCMs  (ink-1 ),  HPCMs  with  graphite  (ink-2)  and  commercial  graphite  (ink-3).  Cyclic  voltammogram  at  different  scan  rates  of  (a)  HPCMs, 
and  (b)  HPCMs  with  graphite,  (c)  specific  capacitance  and  areal  capacitance  of  graphite,  HPCMs  and  HPCMs  with  graphite  at  different  scan  rates  and  (d)  Nyquist  plot  for 
graphite,  HPCMs  and  HPCMs  with  graphite.  Frequency  range  is  10  x  103  to  2.8  x  10-3  Hz. 
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Table  2 

Specific  capacitance  and  areal  capacitance  of  HPCMs,  HPCMs  with  graphite  and 
commercial  graphite. 


Sample 

Specific  capacitance 
(Fg-1) 

Areal  capacitance 
(mFcm-2) 

cva 

EIS 

CVa 

EIS 

HPCMs 

100 

144 

58 

84 

HPCMs  with  graphite 

154 

194 

121 

152 

Graphite 

8 

15 

5 

9.5 

a  Specific  capacitance  and  areal  capacitance  obtained  at  100  mV  s-1  and  at  0.35  V. 


obtained  from  Fig.  4b  at  a  relatively  high  scan  rate  of  400  mV  s-1, 
where  the  sample  shown  a  specific  capacitance  of  ca.  100Fg_1  at 
0.35  V. 

Fig.  4b  shows  the  rate  performance  of  areal  capacitance.  The 
specific  capacitance  and  areal  capacitance  obtained  by  CV  and 
EIS  for  all  samples  is  compiled  in  Table  2  for  easy  comparison. 
It  can  be  seen  that  the  FIPCMs  with  graphite  have  a  high  areal 
capacitance  of  ca.  121  mFcm-2  at  a  relatively  high  scan  rate  of 
1 00  mV  s-1 .  The  areal  capacitance  for  HPCMs  with  graphite  reaches 
values  of  152mFcm-2  when  it  is  obtained  by  EIS  measurement 
at  low  frequencies  (Fig.  4d).  At  higher  scan  rates,  not  all  the 
pores  area  accessible  and  the  value  of  the  specific  capacitance 
decreased. 

Some  authors  report  the  specific  capacitance  per  BET  surface 
area,  but  does  not  include  information  about  density  of  carbon 
material,  which  makes  it  difficult  to  estimate  the  volume  occu¬ 
pied  by  the  carbon  in  an  electronic  device.  We  consider  that  it 
is  more  appropriate  to  report  the  areal  capacitance  because  the 
energy  stored  per  area  is  more  relevant  than  energy  per  mass  for 
applications  such  as  small  scale  electronics  or  stationary  energy 
store  devices  [25]. 

3.3.  ESA  of  carbon  microparticles 

A  method  that  allows  adsorb  the  minimum  requisite  amount  of 
material  onto  an  electrode  is  the  electrostatic  self-assembly  proce¬ 
dure,  allowing  reduce  costs  in  the  electrode  modification  process. 
Successive  cycles  of  ESA  adsorption  using  PDADMAC  and  HPCMs 
on  ITO  electrode  were  realized.  After  each  immersion  into  PDAD¬ 
MAC  solution  and  HPCMs  suspension,  it  is  possible  to  visualize 
with  naked  eye  that  black  coloration  increases.  This  indicates  that 
the  amount  of  HPCMs  adsorbed  on  the  electrode  is  increasing 
(PDADMAC  is  colorless).  This  fact  is  confirmed  by  CV.  The  cyclic 
voltammograms  (Fig.  5)  shows  that  the  capacitive  current  increases 
with  each  adsorption  cycles.  It  also  can  be  seen  that  the  current 
increases  linearly  with  the  number  of  steps  (inset  in  Fig.  5).  As 
PDADMAC  is  not  conductive,  all  capacitive  current  is  obtained  from 
HPCMs.  This  behavior  suggests  that  carbon  microparticles  are  con¬ 
nected  electrically  between  them  and/or  with  the  surface  of  base 
electrode. 

Stepwise  adsorption  cycles  of  HPCMs  on  ITO  glass  were  followed 
by  optical  microscopy.  As  can  be  seen  in  Fig.  6,  the  carbon  particle 
density  increase  with  each  deposited  cycle.  Fig.  6a,  corresponding 
to  third  adsorption  cycle,  shows  a  sparse  distribution  of  particles 
due  coulombic  repulsion  between  particles.  This  behavior  can  be 
seen  in  the  first  and  second  adsorption  cycle  (not  shown  here).  After 
successive  adsorption  cycles  of  HPCMs,  a  moderate  improvement 
in  the  homogeneity  is  observed  (Fig.  6d).  A  schematic  drawing  of 
the  ESA  adsorption  process  is  shown  in  Fig.  7.  This  result  can  be 
explained  considering  that  PDADMAC  coat  the  surface  of  HPCMs, 
neutralizing  and  reversing  the  charge  on  the  particles,  allowing  van 
der  Waals  interaction  between  them. 

The  stepwise  adsorption  cycles  can  be  characterized  by  evalu¬ 
ating  the  normalized  surface  coverage  (Cs)  by  the  analysis  of  the 


Fig.  5.  Cyclic  voltammograms  of  PDADMAC/HPCMs.  Electrolyte:  1  M  HC104.  Scan 
rate:  50  mV  s-1 .  The  alternated  adsorption  cycles  are  deposited  on  ITO  glass  as  a  base 
electrode.  The  inset  shows  the  plot  of  current  (at  0.3  V)  versus  number  of  adsorption 
cycles. 


optical  image.  In  this  study,  the  Cs  is  defined  as  the  percentage 
ratio  of  the  occupied  area  of  particles  on  a  unit  area  per  the  same 
unit  area.  In  Fig.  8,  current  at  0.3  V  obtained  from  Fig.  5  is  plotted 
against  Cs  for  the  number  of  adsorption  cycles.  The  maximum  of  Cs 
reaches  56%  obtained  after  12  adsorption  cycles.  This  result  corre¬ 
late  well  with  the  maximum  coverage  of  latex  spheres  distributed 
on  a  surface  [15,26]. 


3.4.  Effect  of  ESA  of  carbon  microparticles  on  soluble  redox  couple 
electrochemistry 

The  current  due  to  a  redox  reaction,  such  as  [Fe(CN)6]4-  oxi¬ 
dation/reduction,  could  be  used  to  measure  the  exposed  area  of 
the  HPCMs  deposited  during  the  ESA  process.  The  cyclic  voltam¬ 
mograms  (Fig.  9)  show  an  increase  of  the  oxidation  current  at  ca. 
0.257  V  with  each  adsorption  cycle.  The  voltamogram  not  only 
shows  the  characteristic  oxidation-reduction  peak  of  the  probe 
molecule  at  0.257  V  expected  for  electrochemical  reaction  of  a 
redox  couple:  [Fe(CN)6]4_/[Fe(CN)6]3_,  but  also  a  new  peak  sys¬ 
tem  at  0.090  (anodic)  and  0.080  V  (cathodic).  The  peak  system  is 
at  a  lower  potential  than  the  one  for  the  peak  of  semi-infinite  dif¬ 
fusion.  This  result  suggest  that  the  redox  probe  could  be  absorbed 
into  the  pores  of  carbon,  being  able  to  be  oxidized  and  reduced  at 
the  standard  potential  of  the  couple,  without  diffusional  overpo¬ 
tential  [27].  To  check  that  model,  we  study  the  effect  of  scan  rate 
(from  1 0  to  1 50  mV  s-1 )  on  the  peak  currents. 

Fig.  9b  shows  two  different  dependences  of  the  peak  currents 
with  the  scan  rate.  To  allow  comparison,  we  plot  the  logarithm(ip) 
as  a  function  of  log(v).  The  plot  of  the  anodic  currents  measured 
at  0.257  V  show  a  linear  slope  of  0.49  ±0.02  indicating  that  the 
peak  current  for  [Fe(CN)6  ]4_  oxidation  is  proportional  to  the  square 
root  of  the  scan  rate.  Therefore,  the  redox  couple  is  oxidized  under 
conditions  of  semi-infinite  diffusion  [28].  The  plot  of  the  peak  cur¬ 
rent  measured  at  0.090  V  show  a  slope  of  1.06  ±0.04,  suggesting 
that  the  peak  current  is  linearly  dependent  on  scan  rate.  Therefore 
[Fe(CN)6]4_  is  oxidized  under  conditions  of  finite  diffusion  [27]. 
These  results  suggest  that  redox  probe  is  both  confined  within  the 
pore  of  HPCMs  and  present  in  the  bulk  solution.  It  has  to  be  bear  in 
mind  that  the  same  soluble  redox  couple  probe  the  two  different 
diffusion  condition  but  no  significant  adsorption  of  [Fe(CN)6]4_  on 
the  carbon  surface  occurs. 
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Fig.  6.  Micrographs  corresponding  to  (a)  third,  (b)  sixth,  (c)  ninth  and  (d)  twelfth  of  successive  alternated  adsorption  cycles  of  PDADMAC  and  HPCMs  on  ITO  glass. 


3.5.  Effect  of  ESA  of  carbon  microparticles  on  adsorbed  couple 
electrochemistry 

The  possibility  to  adsorb  different  redox  couples  on  the 
carbon  surface  was  studied  using  1,4-naphthoquinone  (NQ),  9,10- 
anthraquinone  (AQ)  and  1,4-benzoquinone  (BQ). 

Fig.  10a  shows  the  cyclic  voltammograms  of  PDADMAC/HPCMs 
measurements  in  1  M  HCIO4  solution.  The  current  at  0.278  V 
increases  ca.  4.7  times  compared  to  the  sixth  adsorption  cycles  of 
PDADMAC/HPCMs,  when  NQis  adsorbed  by  immersion  of  the  elec¬ 
trode  in  a  lOmM  NQ  acetonitrile  solution.  To  determine  if  the  NQ 
is  adsorbed  into  the  pore  of  the  HPCMs,  the  effect  of  scan  rate  (from 
1 0  to  1 50  mV  s-1 )  on  the  response  was  studied  (Fig.  1  Ob). 

As  can  be  seen  in  Fig.  10b,  the  logarithmic  of  anodic  currents  at 
0.278  V  versus  logarithmic  of  scan  rate  has  a  slope  of  0.96  ±0.02, 
indicating  that  NQ  is  oxidized  under  conditions  of  finite  diffusion 
[27].  This  indicates  that  NQis  adsorbed  on  the  HPCMs.  While  it  is 
possible  for  NQto  be  adsorbed  only  on  the  outer  surface  area  of  the 
particles,  a  comparison  of  the  capacitance  of  the  clean  electrode 


(cycle  6),  due  only  to  double  layer  charging  with  the  pseudo¬ 
capacitance  due  to  adsorbed  NQ  suggest  that  NQ  is  adsorbed  on 
the  whole  surface  are  of  the  HPCMs. 

Due  that  is  possible  to  adsorb  NQon  the  HPCMs,  now  we  used  the 
ESA  process  to  adsorb  NQ  every  three  adsorption  cycles  of  PDAD¬ 
MAC/HPCMs.  Fig.  1 1  shows  the  third,  sixth  and  ninth  adsorption 
cycles  of  PDADMAC/HPCMs  with  adsorbed  NQ. 

As  can  be  seen  in  Fig.  11,  the  current  at  0.280  V  increases  with 
adsorption  cycles  process.  It  also  can  be  seen  that  the  current 
increases  linearly  with  the  number  of  steps  (inset  in  Fig.  11).  This 
means  that  modified  electrode  shows  the  redox  response  of  NQ 
which  is  adsorbed  on  the  HPCMs. 

Since  it  was  possible  to  successfully  adsorb  NQ  on  a  mod¬ 
ified  electrode,  it  is  possible  to  adsorb  AQ  following  the  same 
protocol.  In  this  case,  after  every  three  adsorption  cycles  of 
PDADMAC/HPCMs,  the  electrode  was  immersed  for  30  min  in  a 
lOmM  AQ  alcohol-water  solution.  Fig.  12  shows  the  obtained 
voltammograms  of  the  third,  sixth  and  ninth  adsorption  cycles  of 
PDADMAC/HPCMs  after  adsorbing  AQ. 


Fig.  7.  Schematic  drawing  of  ESA  process.  The  first  adsorption  of  HPCMs  showed  (previous  adsorption  of  PDADMAC)  the  particles  are  located  randomly  separated  from  each 
other.  The  subsequent  adsorption  of  PDADMAC  onto  HPCMs  leads  to  a  neutralization/inversion  of  the  surface  charge  of  adsorbed  particles,  allowing  the  next  adsorption  of 
HPCMs  are  placed  between  the  particles  coated  with  PDADMAC. 
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Fig.  8.  Plot  of  current  obtained  from  Fig.  4  versus  normalized  surface  coverage  (Cs) 
of  PDADMAC  and  HPCMs  on  ITO  glass.  The  experimental  points  correspond  to  third, 
sixth,  ninth  and  twelfth  adsorption  cycle. 


Electrode  potential  /  VAg/AgC| 


Fig.  9.  (a)  Cyclic  voltammograms  of  ferrocyanide  on  a  self-assembly  depositions  of 
PDADMAC  and  HPCMs.  Electrolyte:  1  M  KC1.  Scan  rate:  50mVs-1.  The  alternated 
adsorption  cycles  are  deposited  on  ITO  glass  as  a  base  electrode,  (b)  Slope  of  log 
current  versus  log  scan  rate  at  0.090  V  and  0.257  V  corresponding  to  finite  and  semi¬ 
infinite  diffusion,  respectively. 


Fig.  10.  (a)  Cyclic  voltammograms  of  PDADMAC/HPCMs  with  NQ.  adsorbed.  Elec¬ 
trolyte:  1M  HC104.  Scan  rate:  50mVs-1.  The  alternated  adsorption  cycles  are 
deposited  on  ITO  glass  as  a  base  electrode,  (b)  Slope  of  log  current  versus  log  scan 
rate  at  0.278  V  corresponding  to  finite  diffusion. 


Fig.  11.  Cyclic  voltammograms  of  PDADMAC/HPCMs  with  adsorbed  NQin  the  third, 
sixth  and  ninth  adsorption  cycles.  Electrolyte:  1  M  HC104.  Scan  rate:  50  mV s_1 .  The 
alternated  adsorption  cycles  are  deposited  on  ITO  glass  as  a  base  electrode.  The  inset 
shows  the  plot  of  current  at  0.280  V  versus  number  of  adsorption  cycles. 
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Fig.  12.  Cyclic  voltammograms  of  PDADMAC/HPCMs  with  adsorbed  AQin  the  third, 
sixth  and  ninth  adsorption  cycles.  Electrolyte:  1  M  HC104.  Scan  rate:  50  mV s-1 .  The 
alternated  adsorption  cycles  are  deposited  on  ITO  glass  as  a  base  electrode.  The  inset 
shows  the  plot  of  current  at  -0.082  V  versus  number  of  adsorption  cycles. 


As  can  be  seen  in  Fig.  12,  the  current  at  -0.082  V  increases  with 
adsorption  cycles  process  due  to  the  modified  electrode  shows  the 
redox  response  of  AQ.  It  also  can  be  seen  that  the  current  increases 
linearly  with  the  number  of  steps  (inset  in  Fig.  12). 

A  similar  procedure,  as  described  above,  was  carried  out  for 
adsorption  of  BQ.  The  electrode  was  immersed  for  30  min  in  a 
10  mM  BQ  acetonitrile  solution  after  every  three  adsorption  cycles 
of  PDADMAC/HPCMs  (Fig.  13). 

Fig.  13  shows  the  increase  of  current  at  0.532  V  with  number  of 
adsorption  cycles.  This  means  that  the  faradic  current  correspond¬ 
ing  to  the  redox  response  of  the  BQ.  Fig.  13  also  shows  that  there 
is  a  strong  adsorption  of  BQ  and  this  faradaic  current  is  approxi¬ 
mately  40  times  higher  than  faradaic  current  of  adsorbed  NQ  and 
AQ  shown  in  Figs.  11  and  12,  respectively.  Since  the  BQ  molecules 
are  the  smallest  of  three  quinones  used,  a  large  number  of  these 
molecules  could  be  adsorbing  on  HPCMs,  generating  a  higher  cur¬ 
rent  response.  Inset  in  Fig.  13  shows  that  the  current  increases 
linearly  with  the  number  of  steps. 


Fig.  13.  Cyclic  voltammograms  of  PDADMAC/HPCMs  with  adsorbed  BQin  the  third, 
sixth  and  ninth  adsorption  cycles.  Electrolyte:  1  M  HC104.  Scan  rate:  50  mV s-1 .  The 
alternated  adsorption  cycles  are  deposited  on  ITO  glass  as  a  base  electrode.  The  inset 
shows  the  plot  of  current  at  0.532  V  versus  number  of  adsorption  cycles. 


Fig.  14.  Cyclic  voltammograms  of  PDADMAC/HPCMs  with  AQ,  NQand  BQ  adsorbed 
in  the  same  electrode.  Electrolyte:  1  M  HCIO4.  Scan  rate:  50mVs_1.  The  alternated 
adsorption  cycles  are  deposited  on  ITO  glass  as  a  base  electrode. 


As  shown  above,  it  is  achievable  to  built  tailored  electrodes 
with  pseudocapacitive  behavior  that  working  at  a  specific  potential 
(redox  potential  of  AQ  NQand  BQ). 

Finally,  we  performed  an  electrode  using  three  different 
quinones  at  the  same  time.  After  performing  the  fifth,  eighth  and 
eleventh  adsorption  cycle  of  PDADMAC/HPCMs,  the  electrode  was 
immersed  for  30  min  in  1 0  mM  solutions  of  AQ  NQand  BQ  respec¬ 
tively.  Fig.  14  shows  the  modified  electrode  with  redox  response  of 
all  quinones  adsorbed. 

As  shown  in  Fig.  14,  the  second  adsorption  cycle  of  PDAD¬ 
MAC/HPCMs  shows  only  capacitive  current  from  the  increase  in 
the  amount  of  assembled  HPCMs,  while  eleventh  adsorption  cycle 
present  three  different  faradaic  current,  at  -0.062  V,  0.271  V  and 
0.518  V  which  correspond  to  the  oxidation  of  AQ  NQ  and  BQ 
respectively.  Moreover,  the  current  at  0.518  V  decays  about  2.6 
times  respect  to  the  current  obtained  from  Fig.  13,  at  the  same 
potential.  This  would  indicate  that  a  smaller  amount  of  BQ  was 
adsorbed,  possibly  because  the  pores  of  HPCMs  were  partially  filled 
with  AQ  and  NQ.  However,  by  ESA  process  is  possible  to  mod¬ 
ify  electrodes  and  significantly  increase  (more  than  4  times)  the 
capacitance.  It  is  noteworthy  that  the  procedure  allows  to  main¬ 
tain  a  nearly  constant  capacitance  in  the  potential  range  -0.2  to 
0.8  V  (AE=1V).  Adsorbing  a  single  redox  molecule  increase  the 
specific  charge  stored  in  the  electrode  but  the  charge-potential 
behavior  will  resemble  that  of  a  battery  material  (e.g.  nickel  oxide). 
By  adsorbing  several  redox  molecules  on  different  particles  of  a 
ESA  multilayer  it  is  possible  to  increase  the  specific  charge  with  a 
charge-potential  behavior  in  a  capacitive  fashion. 

4.  Conclusions 

In  summary,  the  use  of  CTAB  as  a  pore  stabilizer  in  the  reac¬ 
tion  media  during  the  sol-gel  polycondensation  of  resorcinol  with 
formaldehyde  produces  the  formation  of  monolithic  porous  carbon. 
Porous  carbon  microparticles  were  obtained  by  milling  and  siev¬ 
ing  monolithic  carbon.  The  pore  distribution  analysis  of  nitrogen 
isotherm  data  shows  that  the  carbon  material  presents  micro  and 
mesopores,  while  SEM  image  of  the  HPCMs  reveals  the  presence 
of  mesopores  and  macropores.  The  BET  surface  area  is  536  m2  g-1. 
The  specific  capacitance  and  areal  capacitance  for  PCM  obtained 
by  EIS  measurement  reaches  values  of  1 94  F g-1  and  1 52  mF  cm-2, 
respectively.  However,  the  cyclic  voltammetry  experiments  at  a 
relatively  high  scan  rate  of  100  mV  s-1 ,  show  that  the  HPCMs  sam¬ 
ple  present  a  specific  capacitance  of  154Fg-1  and  a  high  areal 
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capacitance  of  ca.  121  mFcrrr2,  in  acid  media,  making  it  a  use¬ 
ful  material  in  fast  supercapacitor  applications.  Moreover,  cyclic 
voltammograms  show  that  the  stepwise  electrostatic  self-assembly 
of  PDADMAC  and  carbon  microparticles  is  possible.  The  amount 
of  carbon  material  adsorbed  could  be  controlled  by  controlling 
the  number  of  adsorption  cycles.  Normalized  surface  coverage 
of  HPCMs  on  ITO  electrode  correlates  well  with  the  measured 
capacitive  current  obtained  from  successive  adsorption  cycles  of 
PDADMAC  and  HPCMs. 

Oxidation/reduction  of  a  soluble  redox  probe  ([Fe(CN)6]4-) 
allows  detecting  the  confined  diffusion  inside  the  pores  and  the 
semi-infinite  diffusion  on  the  outer  surface  of  the  particles.  The 
high  porosity  of  the  HPCMs  allow  to  adsorbs  redox  molecules  (e.g. 
naphthoquinone)  to  increase  (up  to  5  times)  the  pseudocapaci¬ 
tance  of  the  electrode,  to  value  of  ca.  900  Fg-1.  The  value  is  large 
compared  with  those  reported  in  the  literature  (840  F g-1 )  [29,30], 
for  more  difficult  to  prepare  carbon  materials.  We  have  also  we 
demonstrated  the  potential  of  ESA  process  to  adsorb  three  differ¬ 
ent  quinones  in  a  single  electrode,  increasing  more  than  4  times  the 
capacitance  in  a  wide  range  of  potential.  The  pseudocapacitance  of 
the  HPCMs  layers  remains  active  up  to  relatively  fast  scan  rates 
(150mVs-1).  Therefore,  this  type  of  modified  electrode  could  be 
used  in  supercapacitor  devices. 
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